Ultraspiracle (USP), the insect homologue of the vertebrate retinoid X receptor, is an obligatory dimerization partner for the ecdysteroid receptor (EcR). Two USP isoforms, USP-A and USP-B, with distinct N-termini, occur in the mosquito Aedes aegypti. In the fat body and ovary, USP-A mRNA is highly expressed during the pre-and late vitellogenic stages, corresponding to a period of low ecdysteroid titer, while USP-B mRNA exhibits its highest levels during the vitellogenic period, correlating with a high ecdysteroid titer. Remarkably, 20-hydroxyecdysone (20E) has opposite effects on USP isoform transcripts in in vitro fat body culture. This steroid hormone upregulates USP-B transcription and its presence is required to sustain a high level of USP-B expression. In contrast, 20E inhibits activation of USP-A transcription. Although EcR ⅐ USP-A recognizes the same ecdysteroid-responsive elements, EcR ⅐ USP-B binds them with an affinity twofold higher than that of EcR ⅐ USP-A. Likewise, EcR ⅐ USP-B transactivates a reporter gene in CV-1 cells twofold more strongly than EcR ⅐ USP-A. These results suggest that USP-B functions as a major heterodimerization partner for EcR during the vitellogenic response to 20E in the mosquito.
INTRODUCTION
In insects, as in higher metazoans, steroid-regulated gene expression is mediated by a family of intracellular receptors, which belongs to the superfamily of nuclear receptors. These receptors have a highly conserved structure, including a DNA-binding domain and a multifunctional ligandbinding domain (LBD) . In addition to conferring ligand binding specificity, the LBD is responsible for dimerization, transactivation, coactivator/corepressor interactions, and, in the case of vertebrate steroid receptors, heat-shock protein binding (O'Malley and Conneely, 1992; Mangelsdorf et al., 1995; Onate et al., 1995) . Nuclear receptors are often encoded by several genes and each gene may produce several subtypes called isoforms due to utilization of alternative promoters, splicing, or polyadenylation signals (Keightley, 1998) . The major differences between isoforms appear to be centered in the N-terminal A/B domain. This least conserved region of nuclear receptors contains the activation function AF-1, which has been demonstrated to provide cell-and promoter-specific transactivation properties (Kastner et al., 1990; Kuiper et al., 1996; Paech et al., 1997) .
The major insect steroid hormones, ecdysteroids, are involved in regulating development, molting, metamorphosis, and reproduction (Riddiford, 1993; Raikhel, 1992) . DNA binding, ligand binding, and transfection assays indicate that the functional ecdysteroid receptor complex consists of two subunits, the ecdysteroid receptor itself (EcR) and the retinoid X receptor (RXR) homologue Ultraspiracle (USP), both of which are members of the nuclear receptor superfamily (Koelle et al., 1991; Yao et al., 1992 Yao et al., , 1993 Thomas et al., 1993) . The role of USP as a partner in the functional ecdysteroid receptor was further substantiated by mutational analysis. Fly usp mutants show multiple defects in ecdysteroid-regulated gene expression at the larvalprepupal transition, indicating that USP is required for ecdysteroid receptor activity in vivo (Hall and Thummel, 1998) .
The pleiotropic effects of ecdysteroids are reflected by the existence of multiple EcR isoforms. EcR isoforms were first identified in Drosophila and then in other insects including Bombyx mori (Swever et al., 1995; Kamimura et al., 1996 Kamimura et al., , 1997 and Manduca sexta (Fujiwara et al., 1995; Jindra et al., 1996) . The three Drosophila EcR isoforms (EcR-A, EcR-B1, and EcR-B2) differ in the N-terminal A/B domain, as a result of utilization of different transcription start sites and alternative splicing. Distinct functions of DmEcR isoforms were first evidenced by their different tissue-and stage-specific expression profiles . In the Drosophila nervous system, EcR-A and EcR-B1 isoforms have clearly distinct functions (Truman et al., 1994) . A high level of EcR-A expression in the ventral CNS correlates with rapid degeneration of neurons after adult emergence (Robinow et al., 1993) . Moreover, Drosophila EcR mutations confirm that functional differences exist among receptor isoforms (Bender et al., 1997) . In particular, the EcR-B1 mutants cannot survive through metamorphosis and EcR-B1 and EcR-B2 mutants fail to prune back larval-specific dendrites to initiate larval neuron remodeling (Schubiger et al., 1998) .
Unlike Drosophila USP, for which a single form of mRNA has been identified (Shea et al., 1990; Henrich et al., 1990; Oro et al., 1990) , two USP isoforms are reported in the mosquito Aedes aegypti (USP-A and USP-B; Kapitskaya et al., 1996) and in the moth, M. sexta (USP-1 and USP-2; Jindra et al., 1997) . In both insects, USP isoforms exhibit distinct N-terminal A/B domains in accordance with the isoform variation in the EcR isoforms. In A. aegypti, the N-terminal 31 aa in USP-A are different from the first 6 aa in USP-B. Moreover, their 5Ј untranslated regions are different, suggesting that these isoforms are most likely derived from the same gene via utilization of alternative promoters (Kapitskaya et al., 1996) .
In sharp contrast to the large body of information defining the roles of EcR isoforms, little is known about the properties of USP isoforms. The lack of USP isoforms in Drosophila makes it difficult to perform USP isoform-specific mutant analysis. However, identification of two forms of USP from M. sexta has permitted the study of USP isoform profiles during development Asahina et al., 1997; Hiruma et al., 1999; Lan et al., 1999) . The level of USP-2 mRNA correlates with the ecdysteroid titer, whereas USP-1 transcription complements that of USP-2. However, it is the EcR ⅐ USP-1 complex, not the complex containing EcR ⅐ USP-2, that activates the MHR-3 promoter although MHR-3 mRNA appears following a rise of ecdysteroid levels (Lan et al., 1999) . Likewise, the two Aedes USP isoforms enabled us to investigate the roles of distinct USP isoforms in the adult insect during reproduction. Indeed, mosquito vitellogenesis has provided a perfect model to study ecdysteroid-regulated gene expression during reproduction, as the endocrine release of ecdysteroids is tightly controlled by a blood meal (Fig. 1A) . The DNA binding properties of the Aedes EcR ⅐ USP-B complex have been studied in detail: it binds to various ecdysteroid-responsive elements (EcRE) with the AGGTCA consensus half-site arranged either as direct repeats or as inverted repeats. A 1-bp spacer is optimal for inverted repeats, while a 4-bp spacer is optimal for direct repeats. DNA binding activity is correlated with transactivation as demonstrated by transfection assays in CV-1 cells (Wang et al., 1998) . Only the heterodimeric complex containing the mosquito EcR and one of the mosquito USP isoforms (either USP-A or USP-B) represents a functional receptor capable of binding the EcRE or the ecdysteroid ligand (Kapitskaya et al., 1996) .
Here, we report the developmental profiles of the mosquito USP isoforms, their differential responses to 20-hydroxyecdysone (20E), and functional differences with respect to their DNA binding and transactivation abilities. Taken together, these findings suggest that USP isoforms clearly perform distinct functions during mosquito vitellogenesis. Furthermore, these data suggest that it is USP-B that serves as a major partner for EcR during the mosquito vitellogenic response to ecdysteroid.
MATERIALS AND METHODS

Animals
Mosquitoes, A. aegypti, were reared as described by Hays and Raikhel (1990) . Vitellogenesis was initiated in 3-to 5-day-old adult female mosquitoes by blood feeding them on rats.
RNA Isolation and RT-PCR/Southern Blot Analysis
Fat bodies and ovaries were dissected from female mosquitoes at different time points ranging from 0 to 5 days after eclosion at the previtellogenic stage or from vitellogenic females ranging from 1 to 60 h post-blood-meal (PBM). The temporal profiles of transcript abundance for the mosquito EcR, USP-A, and USP-B in the mosquito fat body and ovary were examined using RT-PCR followed by Southern blotting with specific radioactive probes. Total RNA was prepared from fat body throughout the first vitellogenic cycle, using the guanidine isothiocyanate method as described previously (Bose and Raikhel, 1988) with the modification that all isopropanol precipitation steps were done without low-temperature incubation to avoid coprecipitation of glycogen and salts. Alternatively, total RNA was extracted with TRIZOL Reagent (Gibco BRL). RNA yields were determined spectrophotometrically; absorbency ratios A 260 /A 280 and A 260 /A 230 of RNA preparations were consistently above 1.7 and 2.0, respectively. Five-microgram aliquots of each RNA preparation were reverse-transcribed by the SuperscriptII reverse transcriptase (Gibco BRL) using random hexamer primers (Promega) in a reaction volume of 20 l. The reverse transcription product was diluted to 40 l with TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) and stored at Ϫ20°C as a cDNA pool until use. For developmental profile analyses, 0.025 fat-body equivalents of cDNA pools were used as PCR templates in the case of mosquito fat body tissues, whereas an equal amount of total RNA was used for reverse transcription in the case of ovarian tissues. A 522-bp USP-A-specific fragment was amplified with the primer pair forward, 5Ј-TCATATCGTTCCGGAGATGTGG-3Ј, and reverse, 5Ј-CCAATCCTGCCAGAGGTAGTG-3Ј. A 400-bp USP-B-specific fragment was amplified with the primer pair forward, 5Ј-CTTCTCACAAGAGGTGCTGAGG-3Ј, and reverse, 5Ј-TGGTA-TCCAACTGGAACTTGCG-3Ј. A 314-bp AaEcR-specific fragment was amplified with the primer pair forward, 5Ј-GAGGAA-GATCAACATGACGTGC-3Ј, and reverse, 5Ј-ACCGTGAGGG-AGAACATCTGC-3Ј. A 463-bp VCP (vitellogenic carboxypeptidase; Cho et al, 1991) -specific fragment was amplified with the primer pair forward, 5Ј-AGCGCCCATTCTTGTTTGG-3Ј, and reverse, 5Ј-CAGCTCATACAGGTATTCTCC-3Ј.
Thermal cycling conditions were as follows: the reaction was incubated at 94°C for 3 min followed by 17 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 40 s. As a reference to the developmental changes of the fat body, the same cDNA was subjected to 10 or 15 cycles of RT-PCR followed by Southern blotting with a primer pair specific to the mosquito VCP. After PCR amplification, 10 l each of the total 25-l reaction was fractionated on a 2% agarose gel and transferred onto Hybond Nϩ membrane (Amersham) under alkaline conditions. Radioactive cDNA probes were prepared from 15 ng each of the PCR fragments generated by the primer pairs of EcR, USP-A, USP-B, or VCP with the corresponding plasmids as templates. These amplified fragments were labeled by a randomprimer DNA labeling system (Gibco BRL) to incorporate [␣- 32 P]dATP (NEN). The membrane was hybridized with the probe at 65°C in a solution of 5ϫ SSC, 5ϫ Denhardt's solution, 0.5% SDS, 25 mM NaH 2 PO 4 , 25 mM Na 2 HPO 4, 200 g/ml denatured salmon sperm DNA (Sigma) following prehybridization. The membrane was washed twice at 65°C in 2ϫ SSC, 0.1% SDS for 15 min, twice in 0.1ϫ SSC, 0.1% SDS for 15 min, and then autoradiographed. RT-PCR/Southern blotting of the total RNA preparations without the reverse transcriptase did not result in any appreciable signals, indicating that contamination of RNA preparations with genomic DNA fragments was virtually negligible (not shown). The radioactive blots were quantified with a phosphorimager (Molecular Dynamics).
In Vitro Fat Body Culture
To examine the transcriptional inducibility of mosquito EcR, USP-A, and USP-B by ecdysteroid, the abdominal walls with adhering fat body (hereafter referred to as the fat body) were dissected from 3-to 5-day-old previtellogenic females and incubated in an organ culture system as previously described (Deitsch et al., 1995; Raikhel et al., 1997) . The fat bodies were incubated with culture medium either in the absence of ecdysteroid or in the presence of 10 Ϫ6 M 20E (unless otherwise indicated). At every 4-h interval after incubation, nine fat bodies of each time point were collected and immediately stored in liquid nitrogen until RNA isolation. For the hormone withdrawal experiments, fat bodies were washed three times with culture medium after incubation with 10 Ϫ6 M 20E for 4 h and then further incubated in hormone-free medium. Total RNA extraction and RT-PCR/Southern blot analyses were performed as described above.
To confirm that the transcriptional response was due to the fat body and not the epidermis of the abdominal wall, we obtained the epidermis-free fat bodies by gently vortexing the dissected abdominal walls. The epidermis-free fat body was incubated in culture medium supplemented with 10 Ϫ6 M 20E for 3 h. The fat body adhering to the abdominal wall was incubated under the same conditions. Similar amounts of fat body tissue from both preparations were examined for the presence of two 20E-induced genes, an early gene E75 and the late gene VCP (Deitsch et al., 1995; Pierceall et al., 1999) . The levels of induction of both genes were similar in fat bodies of both preparations. However, the epidermis-free fat body could be kept alive for only a short incubation times (data not shown).
To test the effect of the protein synthesis inhibitor cycloheximide (Chx) on transcription, dissected 3-to 5-day-old female mosquito fat bodies were pretreated for 1 h with culture medium containing 1 mM Chx, then further incubated with the same concentration of Chx either without hormone or with 10 Ϫ6 M 20E. Chx/hormone withdrawal experiments were conducted as for the hormone withdrawal experiment described above except that 1 mM Chx was added to all culture media.
Antibodies and Western Blot Analysis
The monoclonal antibody AB11 against DmUSP (Christianson et al., 1992) was a generous gift from Dr. F. C. Kafatos (EMBL, Heidelberg, Germany). Nuclear proteins were extracted from the fat bodies of female mosquitoes as previously described . Protein extracts corresponding to 50 mosquito equivalents were resolved on 7.5% SDS-polyacrylamide gels, followed by electroblotting to polyvinylidene difluoride membranes (Amersham). These membranes were probed with the anti-DmUSP monoclonal antibody (1:200 dilution) and then incubated with a secondary anti-mouse IgG antibodies (1:5000 dilution) conjugated to horseradish peroxidase (Cappel). Immune complexes were visualized by addition of SuperSignal Ultra Chemiluminescent Substrate (Pierce) and autoradiography.
In Vitro Protein Synthesis and Electrophoretic Mobility Shift Assay (EMSA)
Nuclear receptors were synthesized by the coupled in vitro transcription-translation (TNT) system (Promega). The EcoRI fragment of mosquito USP-A cDNA in pBluescript was subcloned into the EcoRI site of pGEM7Z (Promega). The same vector was used to subclone DmEcR and DmUSP cDNA fragments (Wang et al., 1998) , whereas mosquito EcR and USP-B cDNAs were cloned into pGEM3Z (Kapitskaya et al., 1996) . All these expression vectors utilized the SP6 promoter to synthesize proteins, which were first confirmed by [
35 S]methionine labeling and SDS-PAGE following the manufacturer's instruction. EMSA and measurement of equilibrium dissociation constants were conducted as described before (Wang et al., 1998) . In brief, four EcREs, IR hsp -1 (agagacaagGGTTCAaTGCACTtgtccaat), IR per -1 (agcttcaaAGGTCAaTGACCTtgtccatcg), DR-4 (aagcgaaAGGTCAaggaAGGTCAggaaaat), and DR12 (aagcgaaAGGTCAagaggccaaagaAGGTCAggaaaat), were endlabeled with [␥- 32 P]ATP (DuPont NEN) with T4 polynucleotide kinase (Gibco BRL). Unless indicated, 50 fmol of labeled EcRE was incubated with 1 l each of the indicated in vitro-synthesized nuclear receptor proteins. Binding reactions were resolved using a 6% native polyacrylamide gel, which was then vacuum dried at 80°C and exposed to X-ray film. To measure the equilibrium dissociation constants, bound and free EcRE probes were quantified with a phosphorimager, permitting the construction of saturation curves and Scatchard analysis (Wang et al., 1998) .
Construction of Reporter and Expression Plasmids and Cell Transactivation Assay
Transactivation assays were conducted with the green African monkey kidney cell line CV-1 (ATCC). The EcoRI fragment of USP-A was subcloned into the mammalian expression vector pCDNA3.1/Zeo (ϩ), which was also used to express mosquito EcR and USP-B proteins (Wang et al., 1998) . CMV-LacZ was used as a coreporter to normalize the reporter gene activities of the two reporter plasmids ⌬MTV-5xIR
hsp -1-CAT and ⌬MTV-3xDR4-CAT. Transfection assays were performed as described previously (Wang et al., 1998) . In brief, CV-1 cells were maintained in DMEM with 10% calf serum. Six-well plates were seeded at a density of 2 ϫ 10 5 cells/well the day before transfection. Following the manufacturer's instruction, we transfected cells for 5 h with Lipofectamine (Gibco BRL) and then added fresh medium together with either ethanol vehicle or 1 M Muristerone A. After a hormone treatment of 36 or 48 h, cells were harvested for CAT (chloramphenicol acetyl transferase) activity and ␤-galactosidase activity. CAT activity was normalized with ␤-galactosidase activity. CAT activity was expressed as the percentage of substrate converted to a product, and 1 unit of CAT activity was defined as 1% of the chloramphenicol substrate converted to its acetylated forms.
RESULTS
Tissue-and Stage-Specific mRNA Expression of the Mosquito USP Isoforms
We have previously reported that in vitellogenic tissues, the fat body and ovary, there are several transcripts corresponding to two A. aegypti USP isoforms (USP-A and USP-B) (Kapitskaya et al., 1996) . Here, we undertook more detailed analysis of the developmental changes in transcripts of the two USP isoforms in the fat body and ovary during vitellogenesis. We performed RT-PCR utilizing USP isoform-specific primers followed by Southern blot hybridization with isoform-specific probes (Fig. 1) . Expression of mosquito EcR was monitored in the same tissues as well. To minimize the experimental variability between PCRs, we used pooled RNA samples from fat body or ovary tissues and low cycle numbers (17 cycles) for amplification. For control purposes, Northern blot analysis performed in parallel on samples from the same fat body or ovary tissues revealed mRNA profiles identical to those from RT-PCR/ Southern blot analysis (data not shown).
In the fat body, USP-A mRNA was highly expressed at 0 -1 day after emergence (Fig. 1B, lane 1) ; however, its levels gradually decreased over the next 5 days of the previtellogenic period (Fig. 1B, lanes 2 and 3) . The level of USP-A mRNA declined even more dramatically immediately after a blood meal; it dropped at 3 h PBM (Fig. 1B , lane 5) and remained low during the entire active vitellogenic period until 24 h PBM (Fig. 1B , lanes 6 -9). The level of USP-A mRNA increased again in the fat body at the termination of the vitellogenic period, 36 h PBM (Fig. 1B, lane 10) . The expression pattern of USP-B in the fat body was significantly different from that of USP-A. The level of the USP-B transcript was relatively constant throughout the pre-and early vitellogenic periods, but exhibited an obvious enhancement by 24 h PBM (Fig. 1B, lane 9) . However, this transcript declined at termination of vitellogenesis at 36 h PBM (Fig. 1B, lane 10) .
The USP-A mRNA was abundant in ovaries of newly emerged female mosquitoes (Fig. 1C , lane 1). Its level increased during the second day of previtellogenic development (Fig. 1C , lane 2), but decreased slightly in 4-to 5-day-old previtellogenic females (Fig. 1C, lane 3) . As in the fat body, a blood meal resulted in a dramatic drop in the USP-A mRNA level (Fig. 1C, lane 4) and the decline persisted throughout vitellogenesis (Fig. 1C, lanes 5-7) . At 36 h PBM, a small increase of USP-A mRNA was observed (Fig. 1C, lane 8) . Ovaries of newly emerged female mosquitoes also contained a detectable level of USP-B mRNA (Fig.  1C , lane 1) which was enhanced in 2-to 3-day-old ovaries ( Fig. 1C, lanes 2 and 3) . A blood meal triggered a considerable increase in the USP-B mRNA within 1 h, and the level of USP-B transcript remained high during the first half of the vitellogenic period (Fig. 1C, lanes 4 -6) . Thus, our results clearly demonstrated that in the adult mosquito female, the expression patterns of the two USP isoforms during the first vitellogenic cycle were dramatically different in both the fat body and the ovaries.
Levels of the EcR transcript were monitored in the same tissues and times as those of the USP isoforms. The levels of EcR transcript were relatively constant in the female fat body, showing elevations at the beginning of the previtellogenic phase (Fig. 1B, lane 1) , early vitellogenesis (Fig. 1B , lane 5), and postvitellogenesis (Fig. 1B, lane 10) . In the ovary, the EcR transcript level also exhibited three increases at times approximately similar to those in the fat body (Fig. 1C) .
In Vitro Effect of 20-Hydroxyecdysone on USP-A and USP-B Transcripts
The dramatic differences in the expression patterns of mosquito USP isoform transcripts observed in vitellogenic tissues suggested that mosquito USP isoforms were differentially regulated during vitellogenesis. We began studying the control of their expression by examining the effect of 20E on these USP transcripts. These experiments were conducted using an in vitro fat body culture system, which has been well established and is more suitable for these studies than small mosquito ovaries (Raikhel et al., 1997) . In addition, unlike ovaries containing several cell types, the fat body is a relatively homogeneous tissue consisting of predominantly one cell type, trophocytes (Raikhel, 1992) , making interpretation of results easier. Abdominal walls with adhering fat bodies, isolated from previtellogenic female mosquitoes (3-5 days after eclosion), were incubated in culture medium either in the absence of hormone or in the presence of increasing amounts of 20E ranging from 10 Ϫ9 to 10 Ϫ5 M (Fig. 2) . After a 4-h incubation, these fat bodies were subjected to RNA isolation, RT-PCR, and Southern blotting analysis. USP-B and EcR were activated by 20E in a dose-dependent manner. The mRNA levels of both EcR and USP-B were maximal at 10 Ϫ7 M 20E (Fig. 2) . In contrast, USP-A mRNA was not induced by any concentration of 20E (data not shown). As a positive control, we monitored the 20E dose response of VCP mRNA, one of the late target genes in the mosquito fat body (Cho et al., 1991;  FIG. 1. Expression profiles of USP and EcR mRNA during vitellogenesis. (A) Hormone and yolk protein mRNA profiles. The whole-body ecdysteroid titer at various time points (hours) in post-vitellogenic female mosquito is converted to 20E equivalent (Hagedorn et al., 1975) . JH (juvenile hormone) titer is from Shapiro et al. (1986) . The mRNA expression profiles of yolk protein Vg (vitellogenin) and VCP (vitellogenic carboxypeptidase) are from Deitsch et al. (1995) . The titers are measured at various days posteclosion in previtellogenic mosquito and various hours post-blood-meal in vitellogenic mosquitoes. Other abbreviations: E, eclosion; BM, blood meal. (B) USP and EcR mRNA RT-PCR profiles in the fat body. Total RNA was isolated from fat body dissected from previtellogenic female mosquitoes at 0 -1, 1-2, or 3-5 days after eclosion (columns 1-3) or from vitellogenic mosquitoes 1, 3, 4, 6, 15, 24, 36, . (C). USP and EcR RT-PCR profiles in the ovary. Total RNA was isolated from ovaries dissected from previtellogenic female mosquitoes 0 -1, 2-3, or 4 -5 days (columns 1-3) after eclosion or from vitellogenic mosquitoes 1, 6, 12, 24, 36, . RNA samples from each time point were subjected to reverse transcription and PCR amplification using either one pair of primers specific to AaEcR or two pairs of primers specific to USP-A and USP-B, respectively. Reverse-transcribed products from equal numbers of fat bodies (fat body profile) or equal amounts (5 g) of total RNA (ovary profile) were used for PCR amplification. The PCR products were resolved by agarose gel electrophoresis, followed by Southern blotting and autoradiography. Deitsch et al., 1995) . This ecdysteroid-responsive gene exhibited a peak induction level at 10 Ϫ6 M 20E (Fig. 2) . Next, we investigated the time course of 20E effects on the expression of USP isoforms. In this experiment, dissected previtellogenic fat bodies were incubated in culture medium in the presence or absence of 10 Ϫ6 M 20E (Figs.  3A-3D ). At 4-h intervals after incubation, USP transcripts were analyzed as described above. The effects of 20E on expression of the two USP isoforms in cultured previtellogenic fat bodies were opposite: continuous presence of 20E in the culture medium failed to induce the expression of USP-A (Fig. 3A, open squares) , while it activated USP-B expression (Fig. 3B, open squares) . USP-B transcript levels steadily increased with 5-, 7-, and 10-fold enhancement at 8, 12, and 16 h of incubation, respectively (Fig. 3B, open  squares) . When fat bodies were incubated for 4 h in the presence of 20E and then transferred into a hormone-free medium, the level of the USP-A transcript rose dramatically (Fig. 3A, open triangles) . In contrast, the USP-B transcript declined to its background level after an initial rise at 4 h (Fig. 3B, open triangles) .
The effect of 20E on the expression of AaEcR in in vitro-cultured fat bodies was different from that of both USP isoforms. Incubation in hormone-free medium for 16 h resulted in a steady increase from the high basal level of the EcR transcript present in the previtellogenic fat body (Fig.  3C, open circles) . Continuous incubation of the fat body in 20E-containing culture medium first led to a rapid increase of the AaEcR transcript level by 4 h incubation and then a considerably slower rise until 12 h after incubation when the EcR level reached a plateau (Fig. 3C, open squares) . Interestingly, withdrawal of the hormone after 4 h of incubation caused the EcR transcript level to rise to a twofold higher level (Fig. 3C, open triangles) .
As a positive control, we monitored the effect of 20E on VCP. Previtellogenic fat bodies incubated in hormone-free medium did not show any discernible level of VCP expression (Fig. 3D) . This is consistent with results we have reported before (Deitsch et al., 1995) . Continuous incubation in the presence of 20E resulted in the robust activation of VCP gene expression: the level of VCP mRNA doubled every 4 h during the 16-h incubation period (Fig. 3D , open squares). Hormone withdrawal after a 4-h induction period reversed VCP gene activation, and the VCP mRNA levels returned to an undetectable level by 16 h of incubation (Fig.  3D, open triangles) .
Effect of Cycloheximide on USP Transcription
To assess whether mosquito USP isoforms are under direct or indirect control of 20E, we utilized a protein synthesis inhibitor, Chx, in the in vitro fat body culture experiments (Figs. 3E-3H ). Previtellogenic fat bodies were pretreated with culture medium containing 1 mM Chx, followed by further incubation with or without 10 Ϫ6 M 20E. Fat bodies cultured continuously in the presence of 1 mM Chx exhibited elevated USP-A transcription (near fourfold induction, Fig. 3E , closed circles), suggesting that Chx may repress the expression of inhibitors blocking USP-A expression. A similar profile was also observed when the fat bodies were incubated in medium containing both 20E and Chx (Fig. 3E, closed squares) . Importantly, when the 20E-withdrawal experiment was performed in the presence of Chx, no superinduction was observed, in contrast to samples treated for only 4 h with 20E alone (Fig. 3E, closed  triangles) .
The effect of Chx on the 20E induction of USP-B was different from that on USP-A. Overall, the presence of Chx in the medium led to slightly higher levels of the USP-B transcript than in similar treatments without Chx (Figs. 3B  and 3F ). In the Chx-containing medium, activation by 20E led to superinduction of USP-B mRNA (Fig. 3F) , while its withdrawal resulted in considerably reduced, but still elevated, levels of USP-B transcript (Fig. 3F, closed triangles) .
Fat bodies treated with Chx displayed enhanced levels of EcR transcripts, higher than in those incubated in culture Ϫ9 to 10 Ϫ5 M. Total RNA was isolated from these fat bodies and subjected to RT-PCR with specific primers to EcR, USP-B, and VCP. The PCR products were resolved by agarose gel electrophoresis, followed by Southern blotting and autoradiography, and were quantified by phosphorimaging analysis. The levels of EcR and USP-B mRNA from fat bodies cultured without hormone were defined as 1 unit. The maximum level of VCP mRNA from fat bodies incubated with 10 Ϫ6 M 20E was defined as 100, because VCP mRNA level was below detection in the previtellogenic fat bodies before the hormone treatment.
FIG. 3.
Effect of 20-hydroxyecdysone and cycloheximide on the transcription of USP-A (A and E, respectively), USP-B (B and F), EcR (C and G), and VCP (D and H) in the previtellogenic fat bodies. Previtellogenic fat bodies dissected from female mosquitoes (3-5 day after eclosion) were incubated in culture media only (CM), with a 4-h pulse treatment of 10 Ϫ6 M 20E (20E-4h), with continuous 20E treatment (20E), with 1 mM Chx (Chx), with 1 mM Chx and a 4-h pulse 20E treatment (Chx/20E-4h), or with 1 mM Chx and continuous 20E treatment (Chx/20E) for 16 h. At every 4-h interval, a group of nine fat bodies was collected and subjected to RNA isolation, RT-PCR amplification, and Southern blot analysis. The intensity of bands from Southern blots was quantified by phosphorimaging. For EcR, USP-A, and USP-B, the level of amplified transcript detected from previtellogenic fat bodies prior to any treatment was defined as 1 unit. For the VCP mRNA, the level of amplified transcript detected from previtellogenic fat body treated with only 20E for 16 h was defined as 100 units. For comparison, the mRNA profiles of fat bodies treated with 20E continuously were plotted in both, left and right, graphs. medium only (Figs. 3C and 3G ). In the presence of Chx, the effect of 20E on the AaEcR transcript in cultured fat bodies was very similar to that observed for USP-B (Fig. 3F) . The level of VCP transcription was also monitored in these fat bodies as a control. Addition of Chx to the culture medium resulted in complete inhibition of VCP mRNA irrespective of the presence or absence of 20E (Fig. 3H ).
Protein Profiles of USP Isoforms in the Fat Body
We determined USP protein profiles in the fat body during the vitellogenic cycle. Nuclear extracts were isolated from fat bodies of female mosquitoes at various previtellogenic and vitellogenic stages. Nuclear proteins were then resolved by SDS-PAGE and the USP proteins were detected using anti-DmUSP monoclonal antibody in a Western blot assay. The 55-kDa USP-A and 52-kDa USP-B proteins produced from their respective cDNAs using an in vitro TNT transcription-translation system were used as positive controls (Fig. 4, lanes 1 and 2) . Typically, the USP antibody recognized two major bands in the fat body nuclear extracts: the upper band, which displayed a mobility similar to that of the TNT-produced USP-A, and the lower band, which comigrated with the TNT-produced USP-B (Fig. 4, lanes 3-10) . We considered these upper and lower bands to be the in vivo counterparts of USP-A and USP-B, respectively.
There were no detectable USP-A and USP-B proteins in newly eclosed, 0-to 0.5-day-old female mosquitoes (Fig. 4,  lane 3) . Only a polypeptide of a considerably higher mobility (43 kDa), as well as a minor band, was recognized by the USP antibody. The identities of these lower molecular weight species and their relationships to mature USP-A and USP-B are currently unknown. The USP-A protein was not detected in the fat body of previtellogenic female mosquitoes until they were 3-5 days of age, when a trace of USP-A was visible. However, this protein dramatically increased during the early stage of vitellogenesis, 3-6 h PBM. Yet, by the peak of vitellogenic activity, 18 -24 h PBM, the level of nuclear USP-A protein in the fat body drastically decreased (Fig. 4, lane 7) . The level of USP-A increased again at the late vitellogenic stage, 36 -48 h PBM, before declining again at 60 h PBM.
In contrast to USP-A, the USP-B protein appeared in the fat body of previtellogenic, 1-to 2-day-old mosquitoes and reached a high level in 3-to 5-day-old females. Moreover, the level of USP-B protein remained without any significant changes throughout the entire vitellogenic and postvitellogenic periods (Fig. 4) .
DNA Binding Properties of the EcR⅐USP-A Heterodimer: The EcR⅐USP-A Complex Is Capable of Binding to Various EcREs
We showed before that both heterodimers, EcR ⅐ USP-A and EcR ⅐ USP-B, bind to the hsp27-response element IR hsp -1 (Kapitskaya et al., 1996) . More recently, we demonstrated that the EcR ⅐ USP-B heterodimer displays promiscuous binding and transactivation properties toward DNA elements derived from the AGGTCA half-site, arranged either as inverted repeats or as direct repeats (Wang et al., 1998) . Here, we investigated whether the EcR ⅐ USP-A heterodimer exhibited DNA binding and transactivation properties similar to those of the EcR ⅐ USP-B heterodimer.
First, we conducted EMSA with the inverted repeats containing the perfect consensus sequence AGGTCA separated by a single nucleotide spacer (IR per -1). These experiments showed that the EcR ⅐ USP-A heterodimer bound efficiently to IR per -1 (data not shown). Next, we tested a direct repeat of the AGGTCA half-site with a four-nucleotide spacer (DR-4 element), which has been shown to have an optimal spacer among direct repeats for mosquito EcR ⅐ USP-B and Drosophila EcR ⅐ USP (Wang et al., 1998; Antoniewski et al., 1996; Vogtli et al., 1998) . TNT-expressed AaEcR, USP-A, USP-B, DmEcR, or DmUSP proteins alone did not exhibit any binding to DR-4 (Fig. 5,  lanes 1-3, 6 -8, 13, and 14) . Conversely, a combination of mosquito AaEcR and USP-B lysates yielded efficient binding, whose specificity was confirmed by supershifts using the anti-DmUSP monoclonal antibody (Fig. 5, lanes 4 and 5). Similar binding activity was detected for the DmEcR ⅐ DmUSP heterodimer (Fig. 5, lanes 9 and 10) . Likewise, the AaEcR ⅐ USP-A heterodimer displayed similar specific binding to the DR-4 element as confirmed by a supershift assay using anti-DmUSP monoclonal antibody (Fig. 5, lanes 11 and 12) .
We then investigated whether AaEcR ⅐ USP-A could bind to a direct repeat of the AGGTCA half-site with a 12-nucleotide spacer (DR-12), which displays robust binding activity with the AaEcR ⅐ USP-B and DmEcR ⅐ DmUSP heterodimers (D'Avino et al., 1995; Wang et al., 1998) . EMSA revealed that the AaEcR ⅐ USP-A bound the DR-12 element efficiently, and the specificity of binding was demonstrated by a supershift with anti-DmUSP antibody (Fig. 6) .
Taken together, these experiments indicate that the AaEcR ⅐ USP-A complex, like its AaEcR ⅐ USP-B complex counterpart, is capable of binding to various EcREs including inverted and direct repeats as well as widely spaced repeats such as DR-12.
Estimation of Equilibrium Dissociation Constant (K d ): AaEcR⅐ USP-B Bound on EcRE Twice as Strongly as AaEcR⅐USP-A
The similar binding properties of the AaEcR ⅐ USP-A and AaEcR ⅐ USP-B heterodimers prompted us to investigate whether they might possess differential binding affinities for EcREs. The AaEcR ⅐ USP-B heterodimer binds various EcREs with different binding affinities. The equilibrium dissociation constants (K d ) for IR hsp -1, IR per -1, and DR-4 are 3.73, 0.326, and 2.21 nM, respectively (Wang et al., 1998 (Fig. 7) or DR-4 (not shown). These analyses indicated that like the AaEcR ⅐ USP-B heterodimer, the AaEcR ⅐ USP-A bound to various EcREs with different affinities. The differences in K d values for these EcREs showed that the binding affinity of EcR ⅐ USP-A to a DR-4 was about 2-fold higher than to an IR hsp -1 (Table 1 ), yet 10 times weaker than to the IR per -1 (not shown). More importantly, these results demonstrated that the AaEcR ⅐ USP-A complex bound to each EcRE with a 2-fold lower affinity than the corresponding AaEcR ⅐ USP-B complex, indicating that USP-B is a more potent heterodimerization partner for EcR (Table 1) .
USP-B Is a More Potent EcR Partner Than USP-A for Transactivation via EcREs in CV-1 Cells
Transactivation properties of two mosquito heterodimers were next compared using the CV-1 cell line. This mammalian cell line has no endogenous EcR and contains very low endogenous level of RXR. It has been used to study transactivation of EcR ⅐ USP from several arthropod species including Drosophila and mosquito (Thomas et al., 1993; Yao et al., 1992 Yao et al., , 1993 Wang et al., 1998) . We showed previously that transfection of AaEcR ⅐ USP-B into CV-1 cells rendered them ecdysteroid responsive. Furthermore, we have shown that the levels of reporter transactivation by AaEcR ⅐ USP-B correlated with the DNA binding affinities of this heterodimer when three distinct functional EcREs were compared (Wang et al., 1998) .
The transactivation potential of the AaEcR ⅐ USP-A heterodimer was assessed with the ⌬MTV-5xIR
hsp -1-CAT reporter plasmid, which contains five tandem repeats of IR hsp -1. Transfection of CV-1 cells with the reporter alone resulted in a very low basal level of CAT activity (Fig. 8A) . Cotransfection of the reporter with USP-A alone did not confer MurA responsiveness. Weak response to MurA was detected in cells transfected with the reporter gene and AaEcR expression vector, suggesting that AaEcR can heterodimerize with endogenous RXR to activate this reporter gene. However, strong activation of the reporter gene by 1   FIG. 6 . EcR ⅐ USP binding to DR-12.
32 P-labeled DR12 was incubated with in vitro-synthesized AaEcR and USP-A (lanes 1 and 2), AaEcR and USP-B (lanes 3 and 4) , or DmEcR and DmUSP (lanes 5 and 6) and subjected to EMSA. Supershift assays were conducted with anti-DmUSP antibody (lanes 2, 4, and 6) . and 14) , or AaEcR and USP-A (lanes 11 and 12) and subjected to EMSA. Anti-DmUSP antibody was used for supershift assays to verify binding specificity (lanes 4, 9, and 11).
M MurA (50-fold) was noted only in cells cotransfected with AaEcR and USP-A expression vectors (Fig. 8A) . This indicated that the AaEcR ⅐ USP-A heterodimer formed a functional hormone-dependent transactivator in CV-1 cells.
Next, we tested whether the AaEcR ⅐ USP-A heterodimer could also activate a reporter gene containing the DR-4 as an EcRE. The ⌬MTV-3xDR-4-CAT reporter plasmid containing three tandem repeats of DR-4 was transfected into CV-1 cells. Cotransfection of this reporter construct with either the AaEcR or the USP-A alone did not render CV-1 cells ecdysteroid responsive (data not shown). However, cotransfecting the reporter construct with both AaEcR and USP-A expression vectors rendered CV-1 cells highly responsive to the ecdysteroid MurA, giving sixfold induction (Fig. 8B) .
We then compared the transactivation potentials of the two heterodimers. In this experiment (Fig. 9) , a fixed amount of reporter plasmid (⌬MTV-5xIR hsp 1-CAT, 600 ng) and an AaEcR expression vector (200 ng) were cotransfected into CV-1 cells along with increasing amounts of either USP-A or USP-B expression vectors, ranging from 3 to 800 ng. Cells transfected with a reporter plasmid and the AaEcR expression vector alone displayed less than 0.5 units of CAT activity (not shown). Cotransfecting these cells with the USP-A plasmid increased the MurA-dependent CAT activity in proportion to the amount of USP plasmid added. The activation reached saturation with 200 ng of USP-A plasmid (Fig. 9) . Cotransfecting the cells with USP-B instead of USP-A resulted in higher MurA-dependent activation of the reporter at lower levels of input plasmid. Notably, the USP-B-mediated transactivation reached its peak with about half the amount of input plasmid compared to that of USP-A (100 ng versus 200 ng). In a separate experiment we compared transactivation potentials of the two heterodimers using the ⌬MTV-3xDR-4-CAT reporter plasmid. Cotransfection of this reporter with the AaEcR and AaUSP-A expression plasmids consistently led to a lower level of reporter induction than with the AaEcR and AaUSP-B plasmids (data not shown). Taken together, these results further suggested that USP-B is a more potent partner than USP-A for EcR-mediated transactivation in CV-1 cells. hsp -1 or DR-4 as described for Fig. 7 . EMSA and quantification for each element were performed a minimum of three times and the mean values were taken as the K d . For comparison, K d values for EcR ⅐ USP-B to the same elements are also listed (Wang et al., 1998; with permission) .
a Mean of three determinations Ϯ SE.
FIG. 7.
Direct measurement of equilibrium dissociation constants (K d ). Increasing amounts of 32 P-labeled IR hsp -1 EcRE probe ranging from 0.4 to 20 nM were incubated with in vitrosynthesized AaEcR and USP-A proteins and subjected to EMSA. Bound and free probes were quantified by phosphorimager analysis. Saturation curve (B) and Scatchard plot (inset in B) were prepared to calculate the K d . This experiment was repeated three times and the mean value taken as the K d .
DISCUSSION
In this work, we have characterized the expression profiles of USP isoforms during the first vitellogenic cycle in the female mosquito A. aegypti. We have investigated the transcriptional responses of USP isoforms to 20E and have compared the DNA-binding and transactivation properties of the EcR ⅐ USP-A and EcR ⅐ USP-B heterodimers employing EMSA and transfection assays. Importantly, we show here that two mosquito USP isoforms, USP-A and USP-B, displayed distinct stage-specific expression in two vitellogenic tissues, the fat body and the ovary. USP-A mRNA was highly expressed in previtellogenic and late vitellogenic fat bodies and ovaries, coinciding with a period of low ecdysteroid titer, whereas USP-B mRNA was enriched at the vitellogenic stage when the ecdysteroid titer in the female mosquito is high. Significantly, USP-B, but not USP-A, mRNA levels correlated with the level of EcR in both tissues.
The mRNA profiles of the USP isoforms strongly suggest that ecdysteroids are involved in differential regulation of their respective promoters. Indeed, when we utilized the fat body in vitro organ culture to investigate the effect of 20E on the transcription of USP isoforms, these experiments unequivocally established ecdysteroid engagement in controlling the transcription of both USP-A and USP-B. Remarkably, the effect of 20E on USP-A expression was opposite to that of USP-B expression. Continuous exposure to 20E abrogated the transcription of USP-A. However, a 4-h pulse treatment of fat bodies with 20E followed by continued incubation in hormone-free medium resulted in a drastic augmentation of USP-A transcription. Interestingly, these USP-A mRNA responses to 20E in vitro are similar to FIG. 9. AaEcR ⅐ USP-B mediated more efficient transactivation than EcR ⅐ USP-A. Reporter plasmid (0.6 g), CMV-LacZ (0.2 g), and AaEcR plasmid (0.2 g) were transfected into CV-1 cells with increasing amounts of either USP-A or USP-B expression vector ranging from 3.1 to 800 ng. The expression vector pCDNA3.1/zeo (ϩ) was used as carrier DNA to equalize the total amount of plasmid so that each well received 2.0 g DNA. Cells receiving no exogenous DNA were used as a mock control. After transfection, cells were incubated with 1 M MurA at 37°C for 48 h and harvested for CAT activity and ␤-galactosidase activity. CAT activity was normalized to ␤-galactosidase activity. The experiments were done in duplicate and repeated three times. M MurA, at 37°C for 36 h and harvested for CAT activity and ␤-galactosidase activity, and CAT activity was normalized with ␤-galactosidase activity. The experiments were done in triplicate and were repeated more than three times.
those of AaFTZ-F1. According to our observations, AaFTZ-F1 is also suppressed by 20E, but is superactivated under conditions of 20E withdrawal (C. Li, M. Z. Kapitskaya, and A. S. Raikhel, unpublished observation) . FTZ-F1, an insect homologue of the steroidogenic factor 1, has been implicated in regulating a stage-specific response to ecdysteroid (Woodard et al., 1994) . This similarity in the effect of 20E suggests that, as in the case of FTZ-F1, the nuclear regulatory receptor HR3 (hormone receptor 3) may be involved in mediating the 20E effect on USP-A. HR3 is involved in mediating 20E responsiveness in Drosophila (Lam et al., 1997; White et al., 1997) . Moreover, the HR3 homologue has been identified in the mosquito and has been found to respond positively to 20E in an in vitro fat body culture system (Kapitskaya et al., 2000) . The observation that Chx completely inhibited USP-A superinduction following 20E withdrawal further substantiated the involvement of HR3 or other labile factors in activation of USP-A expression.
In contrast to USP-A, the USP-B transcript was highly elevated by the continuous presence of 20E in an in vitro fat body assay. Furthermore, continuous exposure of the fat body to 20E was required for maximal activation of USP-B transcription. In the presence of Chx, 20E superinduced USP-B transcription, suggesting that it represents an early gene of the ecdysteroid gene regulatory hierarchy. One critical criterion to differentiate early and late genes is the effect of a protein synthesis inhibitor such as Chx on their response to hormone (Ashburner et al., 1974; Huet et al., 1995) . Vg and VCP genes, which are transcriptionally induced by ecdysteroid but inhibited by Chx, are typical late genes in the mosquito (Deitsch et al., 1995) . In contrast, addition of cycloheximide into the culture medium superinduces AaE75, a mosquito early gene (Pierceall et al., 1999) . Of note, the effects of 20E on EcR in the mosquito fat body, as well as the EcR mRNA response to Chx, were generally similar to those of USP-B. However, as in the case of EcR expression, a more complex pattern of response to 20E compared to that of USP-B was observed (Fig. 3) . This may reflect the presence of more than one isoform of EcR as has been shown for M. sexta (Jindra et al., 1996) . In contrast to USP, only a single EcR isoform corresponding to Drosophila EcR-B1 has been identified so far in the mosquito (Cho et al., 1995) . However, our recent studies suggest that there is at least one additional EcR isoform present in the mosquito during vitellogenesis (S. F. Wang, C. Li, J. S. Zhu, and A. S. Raikhel, unpublished data).
Interestingly, USP isoforms have been found to be differentially expressed in the Manduca epidermis during larval molts . When the ecdysteroid titer is high, the Manduca USP1 transcript (the counterpart of USP-A) disappears and the levels of the USP2 transcript (the counterpart of USP-B) are elevated, resembling the USP isoform expression profiles in the adult female mosquito during vitellogenesis. Moreover, in vitro exposure of the day 2 fourth-instar larval epidermis to 20E led to the decrease of Manduca USP-1 mRNA, whereas the effect of 20E on USP-2 mRNA was opposite, causing its levels to rise . A differential effect of 20E has also been reported for Manduca EcR isoforms (Jindra et al., 1996) . In vertebrates, ligands can cause different or even opposite responses of various receptor isoforms (Syvala et al., 1996; Paech et al., 1997; Keightley, 1998) .
In the fat body of newly eclosed female mosquitoes, transcripts of both USP isoforms and EcR are present, with the USP-A transcript being particularly abundant. However, our immunoblot analysis showed that the corresponding proteins were not detectable at this stage in the fat body. A high-mobility 43-kDa protein, recognized by the USP monoclonal antibody, was observed in the newly eclosed female fat body. During the extraction of the fat body nuclear proteins, a cocktail of proteinase inhibitors was added and all samples were processed under identical conditions. Therefore, it is unlikely that the 43-kDa protein is a degradation product of USP-A or USP-B. Our previous Northern blot analyses have demonstrated the existence of four USP transcripts of different sizes in both the fat body and the ovary (Kapitskaya et al., 1996) . Utilization of isoform-specific probes derived from the 5Ј and 3Ј untranslated regions of USP-A and USP-B revealed that the largest, 3-kb, transcript corresponds to USP-A, while two smaller transcripts of 2.5 and 2.2 kb correspond to USP-B (Kapitskaya et al., 1996) . The identity of the smallest, 1.8-kb, transcript remains unknown. It is possible that a newly identified 43-kDa USP-related polypeptide is a product of the 1.8-kb transcript. This suggestion, however, requires further study.
Traces of the USP-B protein appeared in 1-to 2-day-old mosquitoes, but the USP-B protein reached quite high levels in 3-to 5-day-old mosquitoes. In contrast, only a low level of the USP-A protein was detectable in 3-to 5-day-old mosquitoes. EMSA utilizing nuclear extracts from different stages of previtellogenic fat bodies also showed the appearance of functional AaEcR ⅐ USP heterodimers only in fat bodies of previtellogenic females 3-5 days after eclosion (J. S. Zhu and A. A. Raikhel, unpublished data) . Thus, since the USP-B protein is the most abundant USP isoform in the fat body of 3-to 5-day-old previtellogenic females, an increase in the USP-B protein along with EcR protein, which also appeared at this stage, may promote competence for the vitellogenic response to a blood meal (J. S. Zhu, S. F. Wang, C. Li, and A. S. Raikhel, unpublished data) .
During the previtellogenic phase, which covers the period from adult emergence to 3-5 days after eclosion, the female mosquito becomes competent for vitellogenic events (reviewed by Hagedorn, 1989; Raikhel, 1992) . The previtellogenic phase is accompanied by a rise in the juvenile hormone (JH) titer, which reaches its peak 2 days after eclosion and then declines ( Fig. 1A ; Shapiro et al., 1986) . Acquisition of competency to vitellogenic events and responsiveness to ecdysteroid have been shown to be controlled by JH (reviewed in Raikhel, 1992; Dhadialla and Raikhel, 1994) . In the ovary, the development of the receptor-mediated complex responsible for yolk protein uptake is controlled by JH (Raikhel and Lea, 1985) . In the fat body, JH-dependent events include an increase in ploidy and proliferation of ribosomes (Dittmann et al., 1989; Raikhel and Lea, 1990) . However, the molecular mechanism of JH action in the mosquito is unknown. In view of our observations on the delayed appearance of USP protein during previtellogenic development, it is possible that JH acts at the translational level, regulating coordinated production of a set of transcription factors required for rapid activation of target genes in response to blood-meal-induced hormones. Verification of this hypothesis requires further study.
The level of the USP-A protein increased dramatically in the fat body in response to a blood meal. However, at the active phase of vitellogenesis, 18 -24 h PBM, the USP-A protein dropped to quite a low level, consistent with the decrease in USP-A mRNA level, which was also absent at this time. In contrast to the fluctuation of USP-A mRNA and protein levels during the vitellogenic stage, USP-B mRNA and protein levels are expressed evenly high throughout this stage, suggesting once again that USP-B may be the major partner for EcR function during vitellogenesis.
In order to provide additional insights into the possible roles of USP isoforms in the mosquito, we have compared the DNA-binding and transactivation properties of the EcR ⅐ USP-A heterodimer with those of the EcR ⅐ USP-B heterodimer which we characterized previously (Wang et al., 1998) . Although the extent of our present analysis has not been as detailed as for USP-B (Wang et al., 1998) , it appears that USP-A can effectively dimerize with EcR, and the resulting heterodimer exhibits a wide specificity of EcRE recognition similar to that of the AaEcR ⅐ USP-B heterodimer. The EcR ⅐ USP-A heterodimer bound inverted repeats (IR hsp -1 and IR per -1), direct repeats (DR-4), and widely spaced EcREs such as DR-12. However, by measuring binding affinities of both heterodimers we have clearly shown that the EcR ⅐ USP-B consistently displayed higher binding affinity than EcR ⅐ USP-A to either direct or inverted repeats. Moreover, although EcR ⅐ USP-A mediates ligandinduced transactivation in CV-1 cells from either IR hsp -1 or DR-4 EcREs, once again the EcR ⅐ USP-B heterodimer appears to be the more effective transactivator. The functional difference between USP-A and USP-B in mosquito cells could be more profound than observed in CV-1 cells. The Manduca EcR heterodimerized with either USP-1 or USP-2 bound IR hsp -1 and another imperfect palindrome (EcRE1) from the MHR3 promoter. Yet only EcR ⅐ USP1, and not EcR ⅐ USP-2, efficiently transactivated the MHR3 promoter in Manduca GV-1 cells (Lan et al., 1999) .
Thus, our findings have demonstrated that throughout the vitellogenic cycle, the mosquito USP isoforms are differentially regulated at both the transcriptional and the translational levels. They exhibit strikingly different responses to 20E in fat body cultured in vitro. Our functional studies of the DNA-binding and transactivation properties indicate that, although both isoforms form functional heterodimers with EcR capable of recognizing a wide range of EcREs, USP-B forms a more efficient functional ecdysteroid receptor than USP-A. Taken together, our findings strongly suggest that USP-B is the major heterodimeric partner of EcR responsible for mediating the ecdysteroid response during vitellogenesis in the mosquito. Elucidation of the possible role of USP-A in the adult female mosquito requires further investigation.
